The evolutionary relationships between the three domains of life (Archaebacteria, Eubacteria, and Eukaryotes) remain highly debated (1, 2). Although phylogenetic trees represent valuable tools for assessing these relationships, these tools also have a number of shortcomings, particularly when it comes to studying deep evolutionary events. Here, we use a gene similarity network, whose nodes and edges represent genes and sequence similarities, respectively, to study the origin and early evolution of Eukaryotes. This type of analysis allows us to draw evolutionary conclusions from a previously untapped source of information: the topology of gene similarity graphs and subgraphs. Our network exhibits multiple signatures characteristic of the chimerical nature of Eukaryotes, consistent with the merger of an archaebacterium and a eubacterium, each of which contributed different functions and cell compartments to the eukaryotic cell. Unexpectedly, we reveal that the number of eubacterium-derived eukaryotic genes is highly variable, resulting in certain eukaryotic genomes containing more archaebacterium-derived genes than eubacterium-derived genes.
tion, such as the emergence and early evolution of Eukaryotes, which likely arose ∼2 billion years ago, is a challenging task. Molecular sequences probably contain precious evolutionary signatures of early Eukaryote history, and the task for evolutionary biologists is to uncover this information. Phylogenetic trees have often been used to represent the relationships between the three domains of life (3) . These trees, however, suffer from a series of shortcomings, particularly when they are used to study the relationships among organisms spanning the three domains of life. Tree reconstruction requires the definition of gene families and the alignment of all sequences that show sufficient similarity to be amenable to further comparisons. Therefore, the type of information used in phylogenetic analyses is restricted to relatively conserved homologs, and the most divergent gene forms cannot be readily used in such analyses. This constraint may hamper the resolution of questions regarding ancient evolution, for which the study of distant and ancient homologs, in addition to relatively conserved homologs, may be very informative.
We designed a protocol that increases the amount of ancient evolutionary information amenable to evolutionary analyses. We constructed a network that displayed the similarities among all proteins encoded in the genomes of 52 Archaebacteria, 52 Eubacteria, 14 representatives of all the main eukaryotic lineages, and their mobile genetic elements. The resulting network, which encompasses more than 445,000 sequences connected by ∼8 million edges, provides a previously untapped source of information, namely, dozens of thousands of subgraphs showing both close and distant homology relationships between these sequences. The topology of a number of these subgraphs is consistent with a chimerical origin of Eukaryotes resulting from the fusion of an archaebacterium and a eubacterium. These gene families contain two groups of eukaryotic genes: one group Relationship between genome size and the archaebacterialto-eubacterial gene ratio for 14 eukaryotic genomes: Bigelowiella natans, Hemiselmis andersenii, Encephalitozoon intestinalis, Plasmodium knowlesi, Saccharomyces cerevisiae, Giardia lamblia, Entamoeba histolytica, Chlorella variabilis, Naegleria gruberi, Phytophtora infestans, Trypanosoma cruzi, Homo sapiens, Tetrahymena thermophila, and Arabidopsis thaliana. Nodes in the network represent sequences, whereas links represent significant similarities. The connected component exhibits a remarkable Eukaryote-Archaebacteria-EubacteriaEukaryote structure, with some eukaryotic genes exhibiting similarity to eubacterial homologs and other eukaryotic genes exhibiting similarity to archaebacterial homologs. This topology is in agreement with a chimerical origin of Eukaryotes. Notice that a tree encompassing all the sequences in the gene family cannot be easily constructed, because not all sequences are significantly similar to each other at the specified thresholds. that is connected to archaebacterial genes and another group that is connected to eubacterial genes (Fig. P1A) . Despite being homologous, these two groups do not exhibit significant sequence similarity to each other at the specified thresholds. These networks allow for the simultaneous comparison of distant homologs in Eukaryotes, Archaebacteria, and Eubacteria, a task that could not have been achieved using phylogenetic trees, because distant eukaryotic homologs could not have been aligned.
Statistical analysis of the network reveals that eukaryotic genes tend to be highly linked to either archaebacterial or eubacterial genes. Far fewer eukaryotic genes exhibit a similar number of archaebacterial and eubacterial homologs. Therefore, eukaryotic genomes contain two groups of clearly distinguishable genes: one group with strong archaebacterial affinities (which probably descended from the archaebacterial ancestor) and another group with strong eubacterial affinities (of likely eubacterial ancestry). Proteins with archaebacterial affinities tend to perform informational functions and to locate to the cytosol and the nucleus, whereas those with eubacterial affinities tend to be operational and to locate to the mitochondrion, cell wall, vacuole, and peroxisome, thereby indicating that both endosymbiotic partners contributed different parts and cellular compartments to the eukaryotic cell.
Surprisingly, our analyses demonstrate that, beyond the primordial genetic chimerism of Eukaryotes, the subsequent evolutionary fate of genes from these distinct prokaryotic sources differed in each eukaryotic lineage. Remarkably, genes of eubacterial ancestry appear to be more evolvable (i.e., increasing in number in some lineages and decreasing in others) than those of archaebacterial ancestry, whose number remained relatively constant in all lineages. As a result, we uncovered two types of eukaryotic genomes: Of the 14 eukaryotes studied, 9 possess more genes with eubacterial than archaebacterial affinities (in agreement with previous observations in humans and yeast; refs. 4, 5) , whereas 5 present a predominance of genes with archaebacterial affinities. Remarkably, the archaebacterialto-eubacterial gene ratio negatively correlates with genome size, which might be the result of genes of eubacterial ancestry being preferentially lost during genome reductions (Fig. P1B) .
Our results suggest that a functional perspective on evolution is required, in addition to the traditional genealogical perspective, to understand how genes from different evolutionary sources (e.g., eubacterial lineages, archaebacterial lineages) are stabilized in a third mosaic lineage over evolutionary times (e.g., Eukaryotes). Network-based analyses may increasingly become components of the effort to embrace such an expanded framework. The protocol and type of data that we introduce in this study will also play a major role in addressing many questions regarding deep evolutionary relationships, which continue to pose serious challenges in evolutionary studies.
